The RNAi-mediated silencing of Pina and Pinb, the two genes responsible for the grain texture of allohexaploid wheat, was induced and analysed in two wheat cultivars, Kontesa and Torka. A characterization of the two genes in non-transgenic plants revealed that Pinb carries a point mutation, designated Pinb-D1c in both cultivars. This mutation does not influence transcript abundance or protein content. Two silencing cassettes of the hpRNA type were constructed and used for stable transformation via Agrobacterium. In total, 43 transgenic lines representing the two cultivars were obtained, transformed with the silencing cassettes for Pina or for Pinb or co-transformed with both cassettes. The relative transcript levels of the two genes in the same progeny plant were found to be similar, independent of the silencing cassette used. The reduction in the Pina and Pinb transcript levels in the segregating T 1 progeny of Kontesa and Torka transformed with one of the silencing cassettes exceeded 80%. Co-transformation with the silencing cassettes for both genes resulted in a reduction of over 91% of Pina and Pinb transcripts in some segregating T 1 progeny of Kontesa. The silencing was transmitted to the T 4 kernel generation of the T 3 lines. A significant reduction or lack of both puroindoline proteins in the silenced lines correlated with an essential increase in grain hardness. The discussion covers some new insights into the function of the Pin genes, including the simultaneous silencing of both, independent of the siRNA signal.
Introduction
Cereal grain hardness is an important trait that determines the technological properties and quality of the flour produced from that grain. The common, hexaploid wheat cultivars are used for many purposes, such as for breads, cookies, cakes, and pastries. The very hard tetraploids are mainly used for Italian-style pastas. Cultivation of T. turgidum var. durum cultivars is restricted to certain climatic regions, for example, the Mediterranean Sea, and the yield tends to be lower then hexaploid wheat. Because of these limitations breeders are interested in introduction of this trait into the hexaploid cultivars.
Allohexaploid wheat cultivars (AABBDD) are classified as soft or hard, depending on their grain texture phenotype.
The soft phenotype is determined by the wild-type alleles Pina-D1a and Pinb-D1a of the Puroindoline a (Pina) and Puroindoline b (Pinb) genes, which are located at the Hardness locus (Ha) on the short arm of chromosome 5D in the D genome (Mattern et al., 1973; Law et al., 1978) . Both genes are 447 bp long and structured as a single exon (Chantret et al., 2005) . They encode the polypeptides puroindoline a and puroindoline b (PINA and PINB), which are the subunits of a roughly 13 kDa friabilin. The PINs are localized to the starch granule surface (Capparelli et al., 2005; Wiley et al., 2007) . Both PINA and PINB share about 60% amino acid sequence identity (Gautier et al., 1994) . The hard texture phenotype results from various mutations in either one or both of the puroindoline genes (see reviews by Bhave and Morris, 2008a; Nadolska-Orczyk et al., 2009) . Tetraploid wheat cultivars, derived from Triticum turgidum var. durum (AABB), lack the puroindoline genes specifically located only in the D genome and have a very hard kernel texture (Gautier et al., 2000) . This strong association between mutations in the Pin genes or a lack of their alleles and the grain hardness indicates that the Pin genes have a major role in determining this trait. Phenotype analysis revealed that the level of PINA and PINB in kernels explained almost 80% of the variation in hardness (Weightman et al., 2008) . Mutant lines of soft wheat created by mutagenesis were responsible for up to 94% of the grain hardness variation (Feiz et al., 2009) .
Hardness is usually measured using the single kernel characterization system (SKCS; Martin et al., 1993) . The values for soft wheats typically range from 15 to 40, while those for hard wheats range from 45 to 90 (Beecher et al., 2002) . Some minor role of the additional loci was also suggested. One of them is the Gsp-1 gene family, tightly linked to the Ha locus, showing approximately 40% identity and 60% similarity to both PIN proteins and about 42% identity with the Pin genes (Turner et al., 1999; Chantret et al., 2004) . QTL studies revealed additional regions of different chromosomes with major (Giroux et al., 2000) and minor (Sourdille et al., 1996; Galande et al., 2001; Turner et al., 2004; Weightman et al., 2008) influence. In addition, transcripts encoding three novel variant forms of Pinb, which are expressed in the developing wheat grain, have been identified and mapped to chromosome 7A (Wilkinson et al., 2008) .
The genetic role of the Pin genes in controlling endosperm texture has been demonstrated not only with wheat mutants but also with transgenic Pin-expressing lines of rice ) and wheat (Beecher et al., 2002; Hogg et al., 2004) . The transformation of rice, which lacks genes homologous to the puroindolines, with the wild type of Pina and Pinb genes decreased kernel hardness. A soft wheat phenotype was also obtained after the complementation of wild Pinb in the hard wheat variety 'Hi-Line' carrying the Pinb-D1b mutant allele (Beecher et al., 2002) and the Pina null allele with the wild-type Pina sequence (Martin et al., 2006) . Hogg et al. (2004) obtained six transgenic lines of the Hi-Line variety with the addition of one or both of the wild Pin alleles. The authors documented that the presence of both puroindolines correlated with an abundance of friabilin and a decrease in grain hardness.
RNAi-mediated silencing is a very powerful tool for the analysis of gene function and for obtaining plants with altered characteristics by means of RNA interference (RNAi) (reviewed by Frizzi and Huang, 2010) . It was already proved that it is especially applicable for species containing large and complex genomes like cereals (Travella et al., 2006 , reviewed by Fu et al., 2007 or other polyploid species (Lawrence and Pikaard, 2003) . This is especially due to the lack of efficient tools to study gene function in these species. There are only a few papers on the application of stable RNAi-based silencing in allohexaploid wheat, so the development of this tool is still in its early stages. RNAi studies concerned various traits: flowering time (Yan et al., 2004; Loukoianov et al., 2005) , amylose or amylopectin content (Li et al., 2005; Regina et al., 2006) , ethylene intensity and photobleaching (Travella et al., 2006) , senescence regulation (Uauy et al., 2006) , gluten content (Yue et al., 2008 , Gil-Humanes et al., 2008 and b-glucan in the endosperm (Nemeth et al., 2010) . The experiments differed in their transformation methods and silencing cassette construction, and yielded varying levels of silencing efficiency of the tested genes. All of the genes tested have their homologues in the A, B, and D genomes.
In most cases, silencing cassette was delivered to the plants by microprojectile. The Agrobacterium-mediated transformation method was previously only used by Li et al. (2005) and Regina et al. (2006) . This method was chosen for our RNAi experiments with wheat. The Agrobacterium-mediated transformation is more suitable than biolistic transformation for this purpose because it results in a higher ratio of single and non-rearranged T-DNA integration events in transgenic plants (Travella et al., 2006; Bartlett et al., 2009 ). In addition, from a practical point of view, transgenic manipulations with selected cultivars might be used to create any desired level of grain hardness and the same broader end-use properties. The biotechnological approach to modify the genetic variation of this trait might be important since naturally occurring mutations among wheat cultivars are limited Morris, 1998, Lillemo et al., 2006) .
Grain hardness with its relatively simple genetic regulation was chosen to study RNAi-mediated silencing in the complex genome of allohexaploid wheat. Transgenic plants were obtained, the level of silencing of the two Pin genes was determined, and the correlation with grain hardness was assessed. Kernels produced by selected lines were characterized for their technological properties. This is the first report on the RNAi silencing of Pin genes and one of the few that reveals the possible application of RNAi technology in wheat.
Materials and methods
Vector construction and Agrobacterium-mediated transformation The binary vector pMCG161 (http://www.chromdb.org/rnai/ pMCG161.html), designed for gene silencing in cereals, was used to construct the hpRNA cassettes. The T-DNA of the vector contained the selection gene bar under the control of the Ubi1 intron promoter and the silencing cassette with two restriction sites separated by a rice waxy intron driven by the CaMV 35S promoter. Two hpRNA cassettes were constructed. The first one contained fragments of the 447 bp Pina and the second contained fragments of the 447 bp Pinb in the sense and anti-sense orientations. The fragments were amplified using DNA isolated from the Kontesa cultivar. The sequences of the primers were: for Pina (forward) 5'-TTCGGACCGACTAGTATGAAGG-CCCTCTTCCTCATA-3', (reverse) 5'-TTCCTAGGCCCGGG-TCACCAGTAATAGCCAATAGTG-3'; for Pinb (forward) 5'-TTCGGACCGACTAGTATGAAGACCTTATTCCTCCTA-3', (reverse) 5'-TTCCTAGGCCCGGGAGTAATAGCCACTAGG-GAACTT-3'. A schematic structure of the T-DNA of the vector is presented in Fig. 1 .The resulting vectors were pMCG (Pina) for silencing Pina, pMCG (Pinb) for silencing Pinb, and the empty pMCG, which is pMCG161 without a silencing cassette. They were electroporated to the Agrobacterium tumefaciens strain AGL1.
Both vectors were used either for the independent transformation or for co-transformation of two cultivars of wheat, Kontesa and Torka. The experiments were performed based on our previously developed Agrobacterium-mediated protocols (Przetakiewicz et al., 2004; Nadolska-Orczyk et al., 2005) . Immature embryos were isolated from plants growing under controlled conditions: 18/15°C day/night with a 16 h photoperiod. The isolated wheat embryos were precultured for 2 d on solid MSB medium containing MS basal salts (according to Murashige and Skoog, 1962) , B5 vitamins (Gamborg et al., 1968) , 30 g l À1 sucrose, 3 g l À1 Gelrite (Duchefa Biochemie), and 3 mg l À1 Dicamba. After 2 d of preculture, the embryos were inoculated with 1-2 drops of A. tumefaciens suspension and co-cultured on the same medium for the next 3 d. The subsequent culture was maintained on MSB medium containing 2 mg l À1 picloram, 1 mg l À1 2,4-D, 150 mg l À1 ticarcillin disodium/potassium clavulanate mixture (Duchefa Biochemie), and 2 mg l À1 phosphinotricin as a selection agent.
After 4 weeks, the regenerating calli were transferred onto MSB regeneration medium (differing from the previous medium only in terms of the growth regulators: 1 mg l À1 BAP, 0.2 mg l À1 IAA) for the next few weeks. The developing plantlets were cultured on halfstrength MS medium with 15 g l À1 sucrose and 3 g l À1 Gelrite. The rooted plants were planted in the soil.
PCR amplification and restriction
Genomic DNA was isolated from young leaves using a modified version of the CTAB method of Murray and Thompson (1980) . The PCR was carried out in a 25 ll reaction mixture containing 13 PCR buffer, 2 mM of MgCl 2 , 0.2 mM of dNTPs, 0.4 lM of each primer, 1 U of Platinum Taq polymerase (Invitrogen), and 120 ng of template DNA. The reaction conditions were initial denaturation at 94°C for 5 min, and amplification consisting of 40 cycles at 94°C for 1 min, 58°C (for PM1,2, qPina1,2. qPinb1,2, and 18S F,R primers), 57°C (for PM3,4) or 53°C (for Pa1,2, Pa3,4, Pb1,2, and Pb3,4 primers) for 1 min, 72°C for 1 min, with a final extension step at 72°C for 5 min. Amplification of the fulllength coding sequences of Pina and Pinb was performed with primers designed by Gautier et al. (1994) and Lillemo et al. (2006) . The sequences of the primers for Pina were: Pa1 sense 5'-ATGAAGGCCCTCTTCCTCA-3', Pa2 anti-sense 5'-TCAC-CAGTAATAGCCAATAGTG-3' (Gautier et al., 1994) , and Pa3 sense 5'-CATCTATTCATCTCCACCTGC-3', Pa4 anti-sense 5'-GTGACAGTTTATTAGCTAGTC-3' (Lillemo et al., 2006) . The sequences of the primers for Pinb were: Pb1 sense 5'-ATGAA-GACCTTATTCCTCCTA-3', Pb2 anti-sense 5'-TCACCAGTAA-TAGCCACTAGGGAA-3' (Gautier et al., 1994) , and Pb3 sense 5'-GAGCCTCAACCCATCTATTCATC-3', Pb4 anti-sense 5'-CAAGGGTGATTTTATTCATAG-3' (Lillemo et al., 2006) .
The amplified, full-length Pina and Pinb were purified from agarose gels and used for vector construction, sequencing, and restriction analysis by PvuII (Promega) to detect the Pro-60 mutation (Lillemo and Morris, 2000) .
Five pairs of primers were designed to amplify different fragments of the silencing cassette, already proven in barley experiments (Zalewski et al., 2010) . The sequences of two pairs of pM primers were: pM1 5'-TCATTCATCTGATCTGCTCAAA-GCT-3' and pM2 5'-TCTCGCATATCTCATTAAAGCAGGA-3'; pM3 5'-ATGTCCATTCGAATTTTACCGTGT-3' and pM4 5'-GATCAGCCTAACCAAACATAACGAA-3'. The sequences of three pairs of qOCS primers were: qOCS1 5'-CGAGCGGC-GAACTAATAACG-3' and qOCS2 5'-AATTCTCGGGGCAG-CAAGTC-3'; qOCS3 5'-CGAGCGGCGAACTAATAACG-3' and qOCS4 5'-AATTCTCGGGGCAGCAAGTC-3'; and qOCS5 5'-GCCGTCCGCTCTACCGAAAGTTAC-3' and qOCS6 5'-CAAAATTCGCCCTGGACCCG-3'.
The pM oligos primed the amplification of the sense and antisense inserts of the silencing cassettes: pM1,2 amplified a 902 bp fragment on the pMCG (Pina) template and PM3,4 amplified an 829 bp fragment on the pMCG (Pina) template. Three pairs of qOCS oligos primed the amplification of the OCS3' terminator fragments of 171 bp (qOCS1,2), 171 bp (qOCS3,4), and 182 bp (qOCS5,6).
RNA isolation and cDNA synthesis
The total RNA was isolated from immature kernels 8, 14, 20, 26, and 32 days after pollination (DAP) using the modified SDS extraction method of Prescott and Martin (1987) . An additional extraction step was performed using TRI-Reagent (Ambion) according to the manufacturer's protocol. The RNA samples were digested with DNAse I recombinant (Roche). The first-strand cDNA was synthesized from 1 lg of RNA using a RevertAid First Strand cDNA Synthesis Kit (Fermentas). 26 DAP samples were chosen for the RT-PCR and qRT-PCR analysis of the transgenic plants.
Semi-quantitative RT-PCR analysis
Fragments of the target Pina and Pinb genes, the 18S rRNA reference gene, and the bar gene were amplified by RT-PCR from 1 ll of cDNA using specific primers. The sequences of the primers were: for Pina, qPinA1 (forward) 5'-CTCATAG-GACTGCTTGCTCTGGTAG-3', qPinA2 (reverse) 5'-GATT-GACCCCTGGATGATGTTG-3'; and for Pinb, qPinB1 (forward) 5'-AATGAAGTTGGCGGAGGAGGTG-3', qPinB2 (reverse) 5'-ATACCTCACCTCGCCAAATGCC-3'; for 18S rRNA, 18S F (forward) 5'-GTGACGGGTGACGGAGAATT-3', 18S R (reverse) 5'-GACACTAATGCGCCCGGTAT-3' (Scofield et al., 2005) ; and for bar, qRTbar1 (forward) 5'-TCCACTCCTGCGGTTCCTGC-3', qRTbar2 (reverse) 5'-ATGAGCCCAGAACGACGCCC-3'. The PCR conditions were as described above. The PCR products were analysed on 1.5% agarose gels stained with ethidium bromide using the Kodak Gel Logic 200 Imaging System and Kodak 1D Image Analysis Software. The expression level of the target genes was estimated by a comparison of the band intensity of the tested samples with the control line, and normalized to the 18S rRNA reference gene.
Quantitative RT-PCR analysis
Quantitative real-time RT-PCR was performed for Pina, Pinb, and 18S rRNA genes using previously described primers (qPinA, qPinB, and q18S). The reaction was carried out in a 15 ll mixture containing 13 SsoFast EvaGreen Supermix (Bio-Rad), 0.4 lM of each primer, and 1 ll of the template cDNA. The following temperature profile was used: an initial denaturation step of 94°C for 2 min, amplification at 94°C for 25 s, 58°C for 25 s, and 72°C for 25 s, and a melting curve profile of 72-95°C with the The RNA-mediated silencing of the Pin genes | 4027 temperature rising 1°C on each step, and continuous fluorescence measurement. The relative expression levels of Pina and Pinb were calculated according to the two standard curve method using 18S rRNA as a normalizer. The values of the three replicates of each sample were used for the calculation. The line transformed with the empty vector pMCG161 was designated as a calibrator sample with its expression value set to 1. The normalized values of the tested samples are expressed as x-fold of 1.
Estimation of transgene copy number
Quantitative real-time PCR was performed for the OCS3' terminator from the silencing cassette of the pMCG(Pin) vectors. The single, Pinb gene was used as an internal endogenous control (Zhiwu et al., 2004) . Fragments of the OCS3' terminator and Pinb were amplified using the qOCS1,2 and qPinB primers, respectively. The reaction was carried out in a 15 ll mixture containing 13 SsoFast EvaGreen Supermix (Bio-Rad), 0.4 lM of each primer, and 50 ng of the template DNA. The temperature profile was as described above. Each reaction was run in triplicate. The transgene copy number was calculated using standard curves. The amount of Pinb was quantified for each sample to normalize the level of total DNA.
Extraction of proteins and SDS-PAGE analysis
Friabilin was extracted from the surfaces of the starch granules using the method of Bettge et al. (1995) with some modifications. Five kernels from each sample were ground in a mortar to obtain 150 mg of wheat flour, which was transferred to a 1.5 ml microfuge tube containing 0.5 ml 0.1 M NaOH. The samples were incubated at 45°C for 30 min in a thermomixer. Using a pipette tip, the gluten and bran were formed into a ball and pushed to the bottom of the tube, and the aqueous starch suspension was transferred to a new 1.5 ml microfuge tube. This suspension was centrifuged at 13 000 g for 3 min, and the pellet was washed twice with 1 ml of water. The starch pellet was resuspended in 1 ml 80% CsCl and centrifuged at 13 000 g for 3 min. The CsCl solution was then removed from the tube, and the starch pellet was washed three times with 1 ml water and once with 0.6 ml acetone. Next, the starch pellet was left to dry completely and the tubes were weighed to determine the amount of starch. To the air-dried starch pellet, 150 ll of 1 M NaCl and 150 ll of isopropanol were added, and the suspension was incubated at room temperature for 30 min. After centrifugation, the supernatant was transferred to new tubes and precipitated overnight with 150 ll cold acetone at -20°C. After incubation, the samples were centrifuged at 13 000 g for 3 min, and the supernatant was transferred to new tubes. This fraction was precipitated again overnight with 450 ll cold acetone at -20°C. The resulting protein pellet was resuspended in 30 ll SDS-PAGE sample buffer (Laemmli, 1970) , mixed, and incubated at 75°C for 10 min.
The SDS-PAGE buffers and gels were prepared according to Laemmli (1970) . The stacking gels were 5% T, 2.6% C, and the resolving gels were 15% T, 2.6% C or 13.5% T, 2.6% C, 1.5 mm thick. 18316 cm gels were run in Hoeffer SE 660 apparatus at 25 mA until the dye reached the bottom edge of the gel. After electrophoresis, the gels were silver stained using the procedure of Gromova and Celis (2004) .
SKCS and total protein analysis
The grain hardness, weight, moisture, and diameter of 30 kernels were analysed using the Single-Kernel Characterization System 4100 (Perten Instruments) for each individual kernel. The grain protein content was determined via near-infrared transmission using a grain analyzer (Infratec 1225).
Results
Characterization of the Pina and Pinb alleles in nontransgenic cultivars at the molecular and expression levels
The first step in our research on the RNAi-mediated silencing of Pin genes was to characterize the alleles of these genes and their temporal expression in the cultivars Kontesa and Torka. The amplification was successful using two pairs of starters for the full-length sequences of the two genes in the experimental cultivars and in the soft Chinese Spring cultivar, which was used as a control (Table 1) . There was no product of Pina in the PINA null cultivar Bobwhite (Martin et al., 2006) . A comparison of the full sequences of Pina from the two cultivars with the wild Pina-D1a allele revealed no differences. The full sequences of Pinb differed in a single nucleotide (T for C; not shown) resulting in the substitution of leucine to proline in position 60. This type of mutation was already designated as Pinb-D1c by Lillemo and Morris (2000) . An additional restriction analysis done for the mutation further confirmed that the amplified Pinb, which is not cleaved with the PvuII enzyme in Kontesa and Torka represented the Pinb-D1c allele (Fig. 2) .
The hardness index for Kontesa was 43.54 and for Torka was 59.33. These values were different independent of the alleles being the same in the two cultivars.
The temporal expression of the Pina and Pinb genes in the developing kernels of non-transgenic Kontesa and Torka plants were measured 8, 14, 20, 26, and 32 DAP Lillemo and Morris, 2000) . (Fig. 3) . The transcripts started to accumulate from 8 DAP, with the peak at 20 DAP for Kontesa and 26 DAP for Torka, and there was a respective rapid decline at 26 DAP and 32 DAP. The values of relative expression of the two Pin genes were similar for the same cultivar, but the temporal pattern of expression and the abundance of the transcripts differed between cultivars. The relative level of transcripts for both Pin genes in Kontesa was almost 50 times higher at 20 DAP than at 8 DAP. The level of transcripts in Torka was almost 300 times higher at 26 DAP than at 8 DAP, which was six times higher than for Kontesa. The high abundance of both transcripts correlated with a high PINA and PINB content in these cultivars (Fig. 6 ). The expression of the Pina and Pinb genes in the leaves was undetectable.
The selection of transgenic lines of Kontesa and Torka containing the RNAi cassette
One to 20 putative transgenic lines were obtained for each combination of cultivars transformed with the (Pina), (Pinb) or (Pin+Pinb) silencing cassettes. An empty vector not containing a silencing cassette (pMCG) was used as a control. The selection efficiency ranged from 0.20% to 1.86% (Table 2 ). The putative transgenic plants from each line were analysed by PCR and qPCR with five pairs of specific primers amplifying different parts of the T-DNA/ silencing cassettes (Fig. 4) . The transformation efficiency ranged from 0.20% to 1.40%. 43 plants from 77 T 0 events (Table 2 ) and 1-4 T 1 progeny out of five tested from 43 lines proved to be transgenic (data not shown). The expression of the bar gene was confirmed by RT-PCR in some of the T 1 plants (Fig. 3B ). Of the 16 co-transformed, PCR-positive plants of Kontesa (four plants) and Torka (12 plants), each representing a separate line, only one proved to be successfully co-transformed.
The level of silencing is similar for both Pina and Pinb independent of the silencing cassette
The transcript levels of the Pina and Pinb genes were tested in the progeny of three T 1 lines of Kontesa transformed with the (Pina), (Pinb) or co-transformed with both (Pina+Pinb) silencing cassettes, and four T 1 lines of Torka transformed with the (Pina) silencing cassette (Fig. 5A, C) . In addition, the expression of both Pin genes was examined in the progeny of one T 2 and two T 3 lines of Kontesa and The RNA-mediated silencing of the Pin genes | 4029 three T 3 lines of Torka (Fig. 5B, D) . The relative transcript levels of the Pina and Pinb genes in the same plant measured by qRT-PCR were similar, independent of the silencing cassette used for the transformation. The highest decrease in expression of Pina and Pinb was obtained in the 15B-2, 15B-5, 15B-6, and 15B-9 progeny of the T 1 15B line of Kontesa, which had been co-transformed with the silencing cassette for both genes. The relative transcript levels in these plants were from 0.05 to 0.09 for Pinb and from 0.04 to 0.05 for Pina. There were two or three silencing cassette integrations as estimated by quantitative real-time PCR (Table 3 ). The integrations were of different origins, which was proved by amplification with specific primers for each of the two cassettes. The levels of silencing for the two genes in T 1 progeny of the 3B line of Torka, transformed with (Pina), were similar to each other. The transcript levels ranged from 0.16 to 0.32 for Pinb and from 0.07 to 0.25 for Pina. The segregation pattern in this line indicates that more than one copy of the (Pina) silencing cassette was integrated independently. This result was confirmed by quantitative real-time PCR, which estimated three independent copies of the silencing cassette in the 3B line (Table 3) . The low differences in transcript abundance among the progeny might also suggest that at least two of the three copies integrated in very close proximity to each other and might be inherited as a single locus. Based on the qRT-PCR analysis of the two Pin transcripts the progeny of the 3A line could be divided into four classes with the levels of the two Pin transcripts at about 0.2, at 0.4, at 0.6, and from 0.8 to 1.6. The segregation data, also confirmed by qPCR, proved the integration of a single copy of the silencing cassette. Both progeny 3A-6 and 3A-8, which showed the lowest levels of both Pin transcripts (respectively, 0.22 and 0.28 for Pinb and 0.17 and 0.14 for Pina), were determined as homozygotic (Table 3 ). The range of relative transcript levels in the progeny of 5A and 44A T 1 Torka lines was not as broad as in the case of 3A (44A from 0.3 to 1.0). The estimated number of integrated copies for these lines was 2. The silencing was transmitted to the T 4 kernels of third generation (T 3 ) lines (Fig. 5B, D) . The levels of silencing among the progeny of T 3 lines were much more similar than among the progeny of T 1 lines. The relative values of transcript accumulation in the progeny of the 48-1-6 T 3 line of Torka ranged from 0.05 to 0.28 for Pinb and from 0.02 to 0.34 for Pina. In addition, the pattern of silencing among the spikes of one plant was almost identical. For example, the respective Pinb and Pina transcript levels in spike A of plant 48-1-6-5 were 0.05 and 0.02 and in spike B of the same plant were 0.05 and 0.03. It might be expected that the progeny of 48-1-6-5 were homozygous for the silencing cassette, and that the silencing signal would be stable in the next generations. The expected pattern of silencing was observed in the T 2 and T 3 progeny of Kontesa line 3. The levels of Pin transcripts in three out of four progeny of the 3-6 line, which showed 0.17 Pinb and 0.30 Pina, were below 0.5. On the other hand, there was no silencing in the progeny from line 3-5, which was not silenced. Interestingly, the estimated copy number of silencing cassettes for the hemizygotic T 0 3 plant was 2 to 3, for the probably homozygotic line 3-6-1 was 1, and for the not-silenced homozygotic 3-5-6 line was 2.
The low levels of expression of the two Pin genes correlate with the low levels of the two puroindolines and an increased grain hardness
The low or very low transcript levels of the two Pin genes correlated with a very low level or with the lack of the PINA/PINB proteins (Fig. 6A, B) . The water-washed starch fraction obtained form the T 2 seeds of 3B-3-6 and 48-1-6 lines did not contained any gel detectable amounts of PINA and PINB proteins. The mean, relative transcript accumulation values for the 3B-3 line were 0.17 for Pinb and 0.16 for Pina. The lack of proteins was obtained for 48-1-6, which showed a significantly decreased level of Pin transcripts (up to 80-90%). The T 2 line 9-4-3, which was almost completely silenced in the T 2 generation (0.02 for Pinb and 0.00 for Pina) yielded very weakly visible protein bands of PINs. The fractions of the PINA and PINB proteins isolated from the seeds of T 1 segregating progeny plants of the 15B line, which had been co-transformed with both silencing cassettes, were weak. The proteins were fractionated from the samples of five seeds, and the result for the T 1 generation represented the mean PIN content for the segregating progeny. On the other hand, the two PIN proteins were isolated from sublines 3-5-6, 3-5-3, and 3-5-1 of the transgenic 3-5 line, which was not silenced. The level of the proteins was comparable with the C1-T3 control. The separation of PINA and PINB was better on the 13.5% T, 2.6% C gels (Fig. 6B) . As in the case of the simultaneous Fig. 6 . The SDS-PAGE fractionation of mature seed starch surface proteins isolated from water-washed starch from transgenic T 2 lines. The exceptions are 15B and 15A, which are T 1 , isolated from a mixture of five seeds (segregating generation). (A) The upper gel is 15% T, 2.6% C. (B) The lower gels (13.5% T, 2.6% C) are composed of three different gels to show the same pattern of PIN fractionation. C1-T3, transgenic, control plant transformed with the empty pMCG vector; 3-5-1 or 3-5-3 or 3-5-6, transgenic, T 2 sublines segregated from the 3 line; Komnata, Polish T. turgidum var. durum cultivar; M, molecular weight marker. a A homozygotic, one-copy transgenic line was used as a reference sample (calibrator¼1.00). The relative value for one copy of the transgene in the hemizygote is 0.50. silencing of the two Pin genes, there was a correlation between the levels of expression and the amounts of the two puroindoline proteins.
No or very low amounts of PINA and PINB in the T 2 lines resulted in an increase in the grain hardness (Table 4) . The hardness index increased from 59.33 in the transgenic control, cv. Torka, to 68.86 and 69.26 in the 9-4-3 and 3B2-6 silenced lines. It was about 16% higher compared with the Torka C2-T2 control and the hard T. aestivum breeding line STH3907, and 9% higher than the Polish T. turgidum var. durum cultivar Komnata.
The total protein content in the kernels of the transgenic lines derived from cv. Torka ranged from 15.0% to 15.5%, and in the kernels of the transgenic lines of Kontesa ranged from 17.4% to 17.6%. In both groups, the protein content was higher compared with the control, which ranged from 13.9% to 14.6% for cv. Torka and 13.9% to 14.1% for cv. Kontesa.
Discussion
Our research on Pina and Pinb silencing in hexaploid wheat was started with a detailed analysis of the Pin alleles present in the selected cultivars. It has been documented that both cultivars, Kontesa and Torka, had wild Pina-D1a and mutated Pinb-D1c alleles. The latter one is a single point mutation resulting in the substitution of leucine to proline at position 60. This mutation, common among hexaploid European genotypes, was classified as determining a hard endosperm (Lillemo and Morris, 2000) . According to the hardness index, our cultivars might be classified as hard, but both showed high Pinb-D1c transcript and PINB protein accumulation. Both values were similar to these corresponding with a wild Pina-D1a.
The seed-specific expression of the two Pin genes was already determined by Northern analysis (Gautier et al., 1994; Digeon et al., 1999; Hogg et al., 2004) and was confirmed in our experiments by quantitative RT-PCR in non-transgenic cultivars. Our data on the temporal expression pattern of the two Pin genes were similar to that reported by Gautier et al. (1994) , and by Hogg et al. (2004) . The minor differences concerned the timing of the transcript changes observed in the kernels after pollination. Quantitative RT-PCR allowed the calculation of the relative quantity of the transcripts for both Pin genes. The Pin transcripts in Kontesa peaked at 20 DAP and it was about 50 times higher compared with 8 DAP. In cv. Torka the peak was at 26 DAP and the level was 300 times higher than at 8 DAP.
The transcript as well as the protein of the mutated PinbD1c was as abundant as the transcript and the protein of the wild Pina-D1a in the two cultivars. Our results show that, despite its classification (Lillemo and Morris, 2000) , it is questionable whether this point mutation determining the substitution of only one amino acid was the real reason for the hard endosperm.
Interestingly, there was no correlation between the level of the transcripts and the hardness. Torka, with much higher Pin transcripts than Kontesa, was almost 36% harder. It is difficult to compare our results on the two Pin transcript levels with the results of others, since the Northern analysis used in most of the studies is a semiquantitative method. The expression of Pina measured by RT-PCR in a single time-point (13 DAP) by Capparelli et al. (2003) was found to be highest in soft wheats and lower in hard wheats representing the Pina-D1a/Pinb-D1b genotype. Pinb-D1b was similar to the Pinb-D1c one-point mutation, resulting in a different amino-acid substitution. Unfortunately, there was no data on Pinb expression. The hard Pina-D1a/Pinb-D1b cultivars were highly heterogeneous with respect to the content of puroindolines. Our data on expression in the developing seeds of non-transgenic cultivars were important not only to characterize the research material but also to establish the best time-point to determine the decrease of expression in the silenced lines.
The RNAi approach is known to be a particularly effective way to silence native genes in plants (reviewed by Watson et al., 2005; Frizzi and Huang, 2010) . The whole coding sequences (447 bp) of both genes were cloned in the sense and anti-sense orientations into the RNAi cassette to obtain long hairpin precursors (hpRNA). The degradation of the longer, double-stranded RNA might lead to the formation of more, different, short interfering RNA (siRNA), which could repress the expression of the target gene more intensively. The long RNAi trigger size, ranging from 210 bp to 683 bp, was also used in RNAi studies in wheat (reviewed by Fu et al., 2007) . The reported expression of the silenced genes measured by qRT-PCR relative to the control ranged from 10% to 80% (Fu et al., 2007; Gil-Humanes et al., 2008; Nemeth et al., 2010) . In the case of Pin silencing, the reduction of transcripts in some lines was over 90%. It was the highest in the progeny of: the line co-transformed with the silencing cassettes for both genes; the segregating T 1 line carrying three copies of the silencing cassette for Pina; and homozygotic T 3 line carrying two copies of the silencing cassette for Pina. On the other hand, two examples of T 3 lines were shown, one Kontesa and one Torka that were not silenced or silenced at the 20% level and that carried two or three silencing cassettes for Pinb. This might suggest that the sequence of the Pina gene used for silencing is more effective for silencing both genes than that from Pinb. This high effectiveness at silencing both Pin genes caused by 2-3 copies of the silencing cassette is opposite to the results obtained for the diploid, model plant A. thaliana, where single-copy, homozygous RNAi lines generally had the transcript level reduced to the same extent, whereas multi-copy RNAi lines differed in the degree of target RNA reduction, but never exceeded the effect of single-copy lines (Kerschen et al., 2004) . In most of the silencing studies with wheat (reviewed by Fu et al., 2007) , the silencing cassette was introduced using the biolistic method. Agrobacterium-mediated transformation was used here, which preferably introduces a nontrearranged, single copy of the silencing cassette into the transgenic organisms. In our laboratory, this method was effective for silencing HvCKX1 in barley (Zalewski et al., 2010) . In the case of Pin genes, Agrobacterium-mediated transformation allowed for the precise introduction of the two different silencing cassettes into wheat and for obtaining the highest level of silencing in polyploid cereal plants. Pin genes, which are located in a single locus on one of the three genomes, were chosen as a model for a silencing study in polyploid T. aestivum. The genes are inherited as one trait, similar to the situation with diploid species, because of their strong linkage and location in one genome. It was possible to silence both the Pina and Pinb genes almost completely in some transgenic lines, and the silencing was inherited up to the fourth generation. The effect of simultaneous silencing of both Pin genes by one of the silencing cassettes was stable in different lines and through the four tested generations. Several studies reported that sequences that are 88% identical to the endogenous geneinduced silencing (Holzberg et al., 2002) . In such a case, the short siRNA originating from the silencing cassette of one gene might silence the mRNA of another. On the other hand the ZCCT2 wheat gene with 83% identity to VRN2 but lacking the identical stretches of 18 bp within the trigger sequence did not induce the cross silencing (Yan et al., 2004) . At this level it is not possible to explain our newly described phenomenon of the simultaneous silencing of both Pin genes through high sequence homology. A comparison of the sequences of the two genes (see Supplementary Fig. S1 at JXB online) showed 71% homology and no fragments with full homology exceeding 15 nucleotides, i.e. the fragments expected to form the common siRNA for both genes.
This simultaneous silencing is also difficult to explain with regard to the mutant lines. As observed by many researchers, the amount of the Pina-D1a transcript was higher than that of Pinb-D1 in hexaploid wheat, and this correlated with a higher puroindoline a content (reviewed in Bhave and Morris, 2008b) . Further research on the silencing and the analysis of short RNAs in the well-characterized, Pinsilenced lines might explain this phenomenon. No adverse effects on the plant phenotype, caused by the use of a 35S constitutive promoter in the silencing cassettes, was found.
Our results showed that a very low level of the two Pin transcripts strongly correlated with a low level or lack of puroindoline proteins. The amounts of puroindoline a and puroindoline b were differently resolved depending on the SDS-PAGE resolving gel concentration. Under the selected conditions, the contents of the two PIN proteins were similar, which was reflected in the almost equal Pina-D1a and Pinb-D1c transcript quantities in the non-transgenic cultivars. Some researchers explained that the differences in protein content might be the result of the extraction processes or analytical techniques used (Turnbull et al., 2003; Gazza et al., 2005) . Interestingly, the total protein content in the grains of silent lines was slightly higher than in the control ones, which might indicate the certain type of compensation by other proteins.
The grain hardness was determined using the Single Kernel Characterization System (Martin et al., 1993) , which is the current reference method (Pearson et al., 2007) . The silenced lines were 16% harder than the control line, and 9% harder than the first Polish T. turgidum var. durum cultivar. The value of SKCS hardness index established for the Red Egyptian substitution line of Chinese Spring, which is missing both the Pin and Gsp-D1 genes, was comparable with that of T. durum (Tranquilli et al., 2002) . The increase in the hardness index in the silenced lines was not very high compared with the control lines, suggesting the role of other factors in grain hardness determination. In addition, the SKCS index of the control cultivar Kontesa was also 36% lower than that for Torka, although it had the same Pin genes. Other researchers already proved that cultivars with the same Pina and Pinb alleles (Giroux et al., 2000; Morris et al., 2001; Tranquilli et al., 2002 ) displayed a range of hardness index which was not due to the minor effects of environmental factors (Igrejas et al., 2001) . Some studies suggested a role of additional loci, for example Gsp-1, tightly linked to the hardness locus and highly conserved in the A and B genomes (Chantret et al., 2004 (Chantret et al., , 2005 unlike the Pin genes, which had been deleted from chromosomes 5A and 5B. However, Gsp genes are expressed in extra hard durum wheat, suggesting that these genes do not play an essential role in determining grain texture (Chantret et al., 2005) , which is supported by a comparative analysis with Chinese Spring (Tranquilli et al., 2002) . Analysis of clones from the tetraploid durum, and diploid and hexaploid
The RNA-mediated silencing of the Pin genes | 4033 wheats suggested that Gsp-1 genes might be functionally important, with a major role in plant defence and a minor one in grain hardness (Gollan et al., 2007) . This unexplained aspect of grain hardness might be influenced by other QTLs reported (Sourdille et al., 1996; Galande et al., 2001; Turner et al., 2004; Weightman et al., 2008) or by transcripts encoding novel variant forms of Pinb, which are expressed in the developing wheat grain (Wilkinson et al., 2008) . However, the variant transcripts were clearly less abundant that those of Pinb, and the authors have not identified their products.
The antimicrobial properties of the two puroindolines were demonstrated in several studies Capparelli et al., 2005 Capparelli et al., , 2007 . No phenotypical differences have been seen concerning the resistance between the control and the transgenic plants with both Pin genes completely silenced and lacking puroindoline a and puroindoline b (data not shown). These two groups of lines with the same background (resembling isogenic lines) possessing or lacking these proteins might be very useful to explain the role of the puroindolines in antimicrobial defence.
It has been documented that RNAi technology is very useful for both the analysis of gene function as well as a new biotechnological tool to obtain breeding lines with improved characteristics. Although there is already a wide range of research on the Pin genes, our study yielded significant and new insights. The temporal expression analysis revealed the same level and the same pattern of transcript accumulation of both genes, independent of the one-point mutation in the Pinb of both cultivars. The silencing of one of the genes simultaneously silenced the second one, and this phenomenon cannot be explained by the short siRNA being compatible with the coding sequence of both genes. The silencing was transmitted to the T 4 kernel generation. The low level or lack of expression of Pina and Pinb correlated with low amounts or a lack of the two puroindolines, which increased grain hardness over the level found in the durum cultivar. It is thought that the silenced lines, homozygous for the silencing cassette, will allow us to explain some of the still unresolved questions concerning the regulation of the Pin genes and the function of puroindoline proteins.
Supplementary data
Supplementary data can be found at JXB online. Supplementary Fig. S1 . Alignment of the sequences PinaD1a and Pinb-D1a by DNASTAR Lasergene software.
